ABSTRACT: A three-dimensional numerical modelling study of the dispersion of particles emitted from a copper smelter at Rouyn-Noranda, Quebec, was conducted using the BLFMAPS, a mesoscale boundary layer forecast and air pollution prediction system. This numerical modelling system was used to simulate meteorology and air concentration, dry deposition and wet deposition of particulate matter emitted during February and July 2000. During these time periods an instrumented research aircraft measured the chemical and physical properties of the particles in the plume. Simulations were done for particulates with three aerodynamic particle diameters of fine (0.25 µm), medium (4 µm), and large (20 µm). The comparison of model-predicted air concentration for a few metals with the aircraft-measured data provided reasonable agreement. Particle-size-dependent deposition showed some interesting patterns and phenomena. Coarser particles have a stronger deposition rate than finer particles. Finer particles have a longer lifetime in the atmosphere and transport over long distances. Specifically, c. 95% and 85% of fine particle emissions during winter and summer study periods, respectively, were exported >100 km from the smelter plant, whereas only c. 50% of large particle emissions were exported >100 km from the plant during both study periods.
INTRODUCTION
National and international concern about the health effects and continued use of Pb, Cd, As and Hg as well as other metals has defined the need for improved estimates of the long-term risks to ecosystems and human health from metals and metalloids released from mining, metallurgical and energy production activities. Through modelling the atmospheric processing of emissions, the deposition of metals within regional scales (hundreds of kilometres) and the transport on longer scales (thousands of kilometres) can be estimated to establish a potential for these species to have an effect at regional and continental scales.
This study was undertaken as part of the Toxic Substances Research Initiative and forms part of the Canadian Metals in the Environment Research Network (MITE-RN). Together with the results of the MITE programme undertaken by the Geological Survey of Canada, this research project has generated data valuable in international and domestic risk assessment of metals. Results from such numerical modelling studies will be used to assist in the estimation of impacts and for policy decisions.
A mesoscale boundary layer forecast and air pollution prediction system (BLFMAPS) was used for the characterization of the plume from the Horne copper smelter in Quebec. The Horne copper smelter, located in the town of Rouyn-Noranda in Quebec, is owned and operated by Noranda, Inc. In order to model the deposition and transport of metals contained in particles, the emission rate of the metals must be known as a function of particle size at the point of emission. In February and July of 2000 a research aircraft, operated by the National Research Council of Canada, was used to study the emissions from the stacks of the Horne copper smelter . The aircraft measurements determined the size distribution of particles emitted from the source, and the metal content of the particles with emphasis on Ni, Cu, Pb, Zn, Cd, As, Se and Hg. These measured particle size distributions of metals are used here in the air pollution prediction system. The main purpose of the study is to investigate particle-sizedependent concentration and deposition patterns of current emissions of particulate metals from this point source and to estimate the proportion of emissions subject to long-range transport.
STUDY AREA
The town of Rouyn-Noranda is located in a rural area in the southwestern region of Quebec. It is surrounded by forests, agricultural fields and small lakes (Fig. 1a) . The land-use category data (LUC) are from United States Geological Survey (USGS) Global Land Cover characteristic data at 1 km resolution. The categories are regrouped into 15 types following Biosphere Atmosphere Transfer Scheme (BATS; Dickinson et al. 1986 ) as given (Zhang et al. 2001) in Table 1 . The southern half of the study area has mixed broad-leaf and needle-leaf trees, grass, farmlands and water bodies, while the northern half is Table 1 . The location of Rouyn-Noranda is marked by a cross in the box. For example the LUC 5 (mixed broad-leaf and needle-leaf trees) is denoted by vertical striped areas. (b) Model domain (400 km 400 km) with Rouyn-Noranda at the centre of concentric circles of 25, 50, 100 km radius. Each tick mark on the x-and y-axes denotes a 40-km distance. Note that there is a zone change on the x-axis. mostly evergreen (broad-leaf and needle-leaf) forests. The study area occupies 400 km by 400 km ( Fig.1b ; each tick mark on axes denotes 40 km distance) and small lakes in the area are noticeable. The concentric circles with 25, 50 and 100-km radii from Rouyn-Noranda are also depicted.
Emission rates
An instrumented research aircraft measured basic meteorological parameters and the chemical and physical properties of the particles in the plume during the field experimental periods in winter and summer months of 2000 . The industry determined the emission rate of the metals for seven of the aircraft flight periods by in-stack measurements. The emission rates for Pb, As and Cu averaged between 30 and 50 tonne a 1 with lower emission rates for Zn, Cd and Se. The distribution of metals in the plume were grouped into particles of three size bins (<2 µm, 2 to 8 µm and >8 µm) as determined by aircraft sampling (Wong et al. 2006) . The mean mass aerodynamic diameter for the smallest bin was calculated to be 0.25 µm. In the case of the larger two bins, the observed particle numbers were small, and for modelling purposes the aerodynamic diameters were chosen to be 4 µm and 20 µm for medium and large particle size bins, respectively. The emission rates during each flight for each metal were estimated by pro-rating the emission rate for each metal as determined by the industry with the fraction in each size bin as determined by the aircraft. For example, for flight no. 19 (18 February 2003, 14:37 to 17:03 LST) the emission rate for Pb at the stack, as sampled by the industry, was 1.249 g s 1 and the Pb contained in small, medium and large size fractions, as measured by aircraft, was 97.6%, 1.3% and 1.1% respectively. This gives Pb particulate emission rates for this flight in small, medium and large size bins as 1.219, 0.0162 and 0.0137 g s 1 respectively. In order to readily investigate the effect of particle size on the concentration and deposition of metals emitted, numerical simulations were also conducted for small to large particles with a constant emission rate of 1 g s 1 .
NUMERICAL SIMULATION The BLFMAPS system contains a mesoscale meteorological boundary layer forecast model (BLFM; Daggupaty et al. 1994) and a set of air pollution transport, dispersion and deposition (APS) modules. The modelling system was used to simulate meteorology, air concentration, dry deposition and wet deposition of particulates during the field study period in February and July 2000. The three-dimensional model structure has a horizontal area of 400 km 400 km with grid spacing of 5 km over a ten-layered vertical domain centred over RouynNoranda in Quebec. The ten vertical levels of the model are unequally distributed (0, 1.5, 3.9, 10, 100, 350, 700, 1200, 2000 and 3000 m) with the lowest level at 1.5 m and the top level at 3000 m above ground level (agl). For the summer period, the BLFM model used objectively analysed weather data sets provided by the Canadian Meteorological Centre (CMC) valid for 0 UTC and 12 UTC each day. A dynamical initialization procedure was followed (Daggupaty et al. 1994) with each data set prior to the time integration. At the lateral walls of the model, time-dependent sponge boundary conditions (Anthes et al. 1987) are applied (i.e. prognostic variables at the boundaries are specified as a smoothly varying function of time and are obtained from objectively analysed CMC data). The meteorological parameters were predicted in the three-dimensional model domain for a period of 12 hours with a 5-min time step. This prediction cycle was repeated for a total period of 15 days of July 2000. In the case of the winter period (16 days of February 2000) the mesoscale forcing over the study region was weak and the circulation was driven mainly by stronger synoptic-scale forcing. Hence we simply made use of six hourly (0, 6, 12, 18 UTC) objectively analysed meteorological data of each day from CMC with interpolation techniques and BLFM physics in diagnostic mode to generate finer spatial and temporal meteorological data for the pollution prediction model. The predicted (summer) and diagnostically derived (winter) meteorological variables, mixed layer depth and turbulent parameters as a function of space and time were used in the air pollution modules to predict concentration and deposition of metals as a function of time in the three-dimensional model domain.
The time-dependent emission rate at the stack, as given above, was prescribed at the stack location in the model domain. The physical stack height of the Horne copper smelter is 133 m agl. The 'effective plume height' is the height at which the effluent with particulate metals was injected into the atmosphere at the stack location, equivalent to the physical stack height + plume rise. The effective plume height was estimated through Briggs' plume rise formula (Daggupaty 1988) for each simulation period. The emission rate was updated at every model time step (i.e. 5 min). A numerical distribution function was used to convert the emission rate into air concentration at the four grid points surrounding the stack location in the horizontal plane at the vertical model level closest to the effective plume height, and at four grid points of the level immediately above and below the closest level. The air concentration at remaining grid points was set to zero at the initial time, and, at subsequent times of the model integration as plumes evolve, exhibits non-zero concentration. Throughout the integration, at the lateral walls of the model, the boundary condition is such that the normal gradient of concentration is set to zero. Numerical simulations were conducted with emissions of each particulate metal and for the particle aerodynamic diameters of 0.25 µm, 4 µm and 20 µm. The particulate concentration in the air, and dry and wet deposition fluxes were predicted with a 5-min time step for each particle size. The hourly values were stored.
MODEL DETAILS
The pollution transport and deposition (i.e. APS) portion of BLFMAPS modelling system is briefly described here. The well-known atmospheric transport and dispersion equation in a terrain-following coordinate (x, y, z * ) is given as 
where c is the pollutant concentration in air, the source term represents input emissions and the sink terms include dry and wet deposition processes. The vertical coordinate (z * ) is given by the relation z * =z h(x,y), where z is the vertical co-ordinate in Cartesian coordinates with reference to the sea level and h is terrain elevation above sea level. Thus z * at any point in the model refers to the height above ground level. K h and K z are horizontal and vertical eddy diffusivities respectively. Parameters u, v, w * are zonal, meridional and vertical components of wind speed, respectively. Equation 1 is solved numerically in a Eulerian grid by a finite difference approximation and operator splitting scheme. The horizontal advection terms are solved by an efficient modified Bott's scheme. Other numerical details are followed as in BLFM (Daggupaty et al. 1994) .
Dry deposition
The effective dry deposition velocity (v d eff ) accounts for the influence of sub-grid-scale heterogeneous land-type. It is given in Equation 2 following Ma & Daggupaty (2000) ; Zhang et al. (2001) .
where v g is the gravitational settling velocity given by Stokes law. It is independent of surface type, but is rather primarily a function of particle size and density. R a eff and R d eff are effective bulk aerodynamic resistance and effective quasi-laminar resistance respectively. These resistances depend upon boundary layer parameters. R d eff depends also on collection efficiency of the surface and is determined by various deposition processes (Brownian diffusion, impaction and interception), surface properties, the particle size and density and atmospheric conditions. The R d formulation follows Zhang et al. (2001) . The method of determining effective parameters of R a , R d and v d are described in Ma & Daggupaty (2000) . The land use information on 1-km sub-grid spacing was used for the v d eff formulation over the study area.
The dry deposition flux (g m 2 s 1 ), is given as
where c(x,y,z 1.5 ) is pollutant concentration in air at 1.5 m above ground surface. The dry deposition velocity varies with particle size and has a minimum value for particle diameters in the range 0.1 to 1 µm. The settling velocity is the dominant term of Equation 2 for large particles (diameter >5 µm), whereas for very fine particles (<0.1 µm) Brownian diffusion is important. For particles of diameter 0.1 to 1 µm processes such as Brownian diffusion, impaction and interception have small effect and hence v d is small (Slinn 1982; Schmel 1984; Ruijgrok et al. 1995; Zhang et al. 2001) .
Wet deposition
The wet deposition flux was calculated as the product of the vertically integrated concentration, normalized scavenging coefficient and precipitation rate as follows:
where F(x,y) w is the wet deposition flux (g m -2 s -1 ), is the normalized scavenging coefficient (s 1 mm 1 h) Zt, Zb are model top and bottom heights, and I is precipitation intensity (water equivalent in mm h -1 ). In the summer season was assumed to be 1.4 10 5 , 2.2 10 4 and 1.8 10 3 for small, medium and large particles, respectively. During winter, the corresponding values for snow are 4.7 10 6 , 7.3 10 5 and 6.0 10 4 respectively (Schwede & Paumier 1997; Gatz 1975; Slinn 1977) .
Scavenging of pollutant particles by precipitation is a complex phenomenon. Particle size distribution, precipitation rate and type (e.g. rain, snow, ice) number and size distributions of hydrometeors (e.g. rain drops, snow and ice crystals) and the physical and chemical characteristics of pollutant all play a significant role in wet removal of the pollutants. Uncertainties exist in the knowledge of wet scavenging, particularly with respect to the influence of electrical charges, collision efficiencies and modifications of particle and droplet characteristics in the atmosphere. The scavenging coefficient has a minimum value for particles of size c. 1 µm diameter (Slinn 1984; Schwede & Paumier 1997; Jung et al. 2003) . Jung et al. (2003) explain that a scavenging gap, the minimum particle removal efficiency region, exists between the very small particle size range and large particle size range. In the gap region (c. 1 µm) collection and collision efficiencies are at a minimum.
RESULTS AND DISCUSSION
For the study periods in each season, 13 to 29 February 2000 and 22 July to 6 August 2000, the pollution modelling system equations (BLFMAPS) were integrated over the threedimensional model domain to predict air pollutant concentration and deposition fluxes. The effective plume height was c. 250 m and 300 m during the winter and summer study periods, respectively.
Modelled versus monitored plume concentration
On each flight the aircraft made multiple passes across the horizontal extent of the plume in the direction perpendicular to the axis of the plume (i.e. perpendicular to the wind direction). The plumes were variable in dimension (plume width) on the short distance and time scales probed by the aircraft (Strawbridge 2006) . If the maximum horizontal dimension is considered, the plumes studied here range from 1 to 5 km in width for winter cases and 5 to 10 km in width for summer cases at downwind distances of 5 to 15 km from the source. The plume depths were 100 to 700 m in winter and 1000 to 3000 m in summer flights. The aircraft collected samples within a short downwind distance of 3 to 18 km from the stack and within the plume at heights of 250 to 350 m. With the aircraft speed of 60 m s 1 the plume wide pass takes only c. 2-3 min. Model simulated particulate concentrations using the emission rate for each particulate metal in each size for corresponding flight times were compared with the aircraft measured concentration values. Table 2 presents the ratio of aircraft-measured to modelled concentrations for particles containing Pb, As and Cu in small, medium and large sizes. For each flight, the hourly averaged model values at the nearest grid point to the aircraft sampling location, time and height were used. The ratio is within a factor of three for c. 60% of entries in the table. The model predicts lower concentrations than observed with the aircraft, with agreement ranging from a ratio close to 2 (for summer flights) to 10 to 20 (for winter flight 22). Flight 22 is a night-time winter case with stable stratification during which the plume maintained a ribbon-like character, with little dispersion in the horizontal (1 km wide at 5-km downwind distance) and in the vertical (about 200 m deep at 10 km downwind), and exhibiting high concentration. Since the model grid interval is 5 km it cannot resolve such fine sub-grid-scale gradients in concentration. The model, in distributing the plume through full grid cells, predicts much lower concentrations than observed. However, an important observation in Table 2 is that there is no systematic difference in the ratio for a given metal among three different particle sizes. This indicates that the performance of the model is not biased with respect to particle size.
The main intent of this study is to estimate quantitatively the proportion of stack emissions that are subject to long-range transport, not for reproduction of concentration within the immediate vicinity (<20 km) of the smelter plant. Thus a mesoscale model capable of describing transport and deposition on the regional scale over a few hundred kilometres is used. Some of the points to consider when comparing modelled and measured data follow. Every model with its grid resolution and temporal resolution is constrained to represent limited spatial and temporal scales. In this case, model values are averaged hourly and representative of grid volume (c. 25 km 2 300 m). In contrast, the aircraft measurements represent in-situ conditions in the plume in its actual plume width and plume depth. During summer flights the dispersion was strong, the plume was widespread and the compatibility between data sets increased.
It is pertinent to note that the uncertainty of aircraft measurements of metal concentrations is c. 12% on average. It is arrived at from an analysis of eight flights in winter and summer for 15 Pb sample pairs conducted in two different laboratories. In the case of the model, such an uncertainty is difficult to arrive at. The model is sensitive to few parameters and an average variability in the plume-level air concentration due to reasonable variation of the sensitive parameters is c. 25%.
Concentration and accumulated deposition patterns
In order to readily compare the influence of particle size on air concentration and particle deposition, the model simulations were done for summer and winter study periods with a 1 g s 1 emission rate for all three particle sizes. Furthermore, a constant particle density of 1 g cm 3 was used to correspond with the aerodynamic diameter for particles. Thus the numerical model results of air concentration or deposition fluxes are equally applicable for any metal found in the same particle size; for instance, Figure 2a is valid for large particles of Cu, Pb or any metal. The model-computed, average surface (at 1.5 m) concentration for large particles during the summer study period (Fig. 2a) was one order of magnitude smaller over a broad area (see the shaded area for values between 10 10 and 10 9 ) than the concentration of small particles (corresponding shaded area for values between 10 9 and 10 8 in Fig. 2b ). This is due to the relatively stronger depletion rate, and hence shorter residence time, for large particles resulting in lower air concentration. Similar features were noticed with the winter period simulations.
The accumulated dry and wet deposition over a period of 16 days in winter (13-29 February 2000) and 15 days in summer (22 July-6 August 2000) were calculated and the total deposition (deposition due to dry and wet processes together) for the winter case is presented in Figure 3a and b. The deposition of large particles was significantly larger (by an order of magnitude) than that of the small particles (see the shaded area for values between 10 6 and 10 5 ). This can be explained by the higher scavenging coefficient in the wet deposition process and higher deposition velocity in the dry deposition process for coarser particles compared to the fine particles. Thus the larger particles were depleted from the plume at a faster rate leaving the finer particles to be transported over a longer distance. The same phenomenon was noticed in the case of summer simulation.
Impact and deposition around Rouyn-Noranda
The accumulated modelled deposition for the 15 days in summer and 16 days in winter over the circular areas ranging from 25-km to 100-km radius from the centre of Rouyn-Noranda are given in Figures 4 and 5. The total depositions as well as the dry and wet components as a percentage of the emissions for small, medium and large particles over the summer and winter study periods are shown. Since these results are expressed as a percentage of the total emission over the period, the results are applicable for any particulate metal of the same particle size for any emission rate. For example, the total deposition of fine particulate Pb within the circular area around the smelter plant with radius of 100 km was 5% of fine particulate Pb emissions over the period of 16 days (13-28 February 2000) . This also implies that 95% of fine particulate Pb emitted from the stack was transported >100 km from the source. This result is very useful for quantifying the amount of emitted mass of any particulate metal that was transported beyond a specified distance from the source during the study period. Multiplying these percentages (Figs. 4 and 5) with the corresponding particle-size-dependent emissions of metals during the study periods gives the actual amount of emitted metals that would deposit in the circular areas around Rouyn-Noranda. n/a: Those metals in size bins for which no emissions were observed. For instance As was observed to be emitted only in small-sized particulates in the case of flight 29. Similarly, the aircraft observations for the flight 23, did not find Cu in large particles.
The total deposition (sum of dry and wet deposition) of fine particles is relatively small (5% in winter and 15% in summer) in comparison with coarse particulate deposition (47% in winter and 54% in summer) within the circular area of 100 km radial distance from the source. Dry and wet processes are equally contributing to the total flux in the case of large particles, whereas wet deposition exceeds dry deposition for medium particles and dry deposition slightly exceeds wet for fine particles (Fig. 4) . During the summer period the vertical mixing is generally stronger and brings the plume material to surface levels and thus dry deposition to the surface will exceed that in winter (Figs. 4 and 5 ). During our study period, the weather was such that the wet deposition flux was slightly larger during the summer than in the winter. The location of Rouyn-Noranda is marked by a cross in the box. For example, the values X1E 10 and <1E 9 are shaded with horizontal stripes.
A higher scavenging coefficient explains the higher wet deposition process for large and medium particles. The higher V d and higher scavenging coefficient deplete large particles very efficiently. However, the wet deposition process is effective only in the presence of precipitation and its rate depends upon the intensity of precipitation.
CONCLUSIONS
Model-simulated, plume-level air concentrations of Pb, As and Cu contained in large, medium and fine particles agree reasonably well (i.e. within constraints of model limitations) with the corresponding values measured in situ by the aircraft during the summer period. Agreement in winter varies due to a greater difference in the dispersion of the plume by the existing meteorology. Seasonal differences in surface concentration and deposition are evident. These differences are due to the influence of vertical mixing of plume, effective plume height and precipitation. Particle size plays a significant role in dry and wet deposition processes. The coarser particles have stronger deposition rate due to higher v d eff and higher scavenging rate. Fine particles tend to exhibit higher concentration in the air, and last longer and travel over longer distances. Within the 100-km radius of the smelter, fine particle deposition was small in comparison with the coarse particle deposition. Specifically, c. 95% and 85% of fine particle emissions during winter and summer study periods, respectively, were exported >100 km from the smelter. About 50% of large particle emissions during the experimental periods in winter and summer were exported >100 km from the plant. Fig. 4 . Accumulated deposition (% of 15-day emission) around Rouyn-Noranda over 15 days in summer. Ex: 54% (27% by dry + 27% by wet processes) of large particulate emission over 15 days deposited within the circular area witha radius of 100 km from the source.
Fig. 5. Accumulated deposition (% of 16-day emission) around
Rouyn-Noranda over 16 days in winter. Ex: 5.5% (4.85% by dry + 0.65% by wet processes) of small particulate emission over 16 days, deposited within the circular area with a radius of 100 km from the source.
